Introduction
Ever since human history has taken place, people are obsessed with the charm of gold which has high electrical conductivity, high thermal conductivity, and high oxidation and corrosion resistance. And that is why gold earns the reputation as the noblest metal on the earth, playing an incomparable role in the variety of areas such as jewelry, medical, electronics, and so forth. Gold based materials were the first amorphous alloy, which was discovered in 1960 by Clement et al. at Caltech, USA, 1) and it has attracted the attention of scientists and engineers to be involved into the research of amorphous alloys. After the effort of two decades, the variety of amorphous alloys or metallic glass could be fabricated into the bulk materials from 0.5 mm to 20 mm in diameter, such as Pd, 2) Fe, 3) Zr, 4) Mg 5) etc. These bulk metallic glasses (BMGs) exhibit some excellent properties, such as high strength, elastic strain and hardness. In addition to these properties, BMGs also possess the unique properties of supercooled liquid region, ÁT (ÁT ¼ T x À T g , where T x is the crystallization temperature and T g the glass transition temperature), within which viscous flow will occur for the amorphous materials to proceed the superplastic forming. 6) Schroers et al. 7) reported in 2005 that the Au 49 Ag 5:5 -Pd 2:3 Cu 26:9 Si 16:3 amorphous alloy showed a low liquid temperature T l of 644 K, low glass transition temperature of 401 K, sufficiently wide supercooled liquid region of 58 K, and moderate compressive strength about 1000 MPa. The alloy also exhibited good formability S parameter of 0.24 (S ¼ ÁT=ðT l À T g Þ), higher than that of the commercial Zr 44 Ti 11 Cu 10 Ni 10 Be 25 BMG. The low T g characteristic is particular attractive for forming and embossing practices, since the forming can be performed at temperatures similar to the competitive polymer forming materials, typically in the range of 350-450 K. Among all of the BMGs with low T g , such as Au based (350-400 K), 7) Mg based (400-450 K) 5) and
Ce based (350-380 K), 8) Au based BMGs exhibit the best anti-oxidation and anti-corrosion capability, and are highly potential in forming applications, especially in micro/nano scale for micro-electro-mechanical systems (MEMS). In addition, the surface shining and elegant appearance also wins over the counterparts.
Metallic glasses have been regarded as a potential material in MEMS application, [9] [10] [11] [12] compared with the polymer materials such as PMMA, because the metallic glasses possess much higher strength and stiffness, and are readily to be micro-formed and micro-imprinted within the suppercooled liquid region by Newtonian viscous flow. If we control appropriately the viscous flow and the capillary force between the mold and BMG, the length scale of the replication patterns or the formed fine pieces can be reduced down to less than 1 mm or even to 100 nm. 9) Therefore, the mechanical behavior of BMGs in micro-scale will be highly critical and is worthy of systematic exploration, especially for the Au based BMGs due to their superior characteristics and high promising potentials. The size effects in the mechanical response of single crystal metallic crystalline materials have been reported lately. 13, 14) Apparent strength increment and different ductility performance of such crystalline materials in micro-or submicro-scale have been discussed in terms of dislocation starvation. For the isotropic amorphous BMGs, stress increments in micro-sized pillars have also been found in the Mg 15, 16) and Zr 17, 18) based BMGs. Due to the high electrical conductivity, high oxidation and corrosion resistance of the Au based alloys, the Au based BMGs are regarded as potential materials in MEMS application. Therefore, the mechanical characteristics of the Au based BMGs in micro scale appears to be worthwhile to research further. In this paper, the focus ion beam (FIB) is applied to machine the micro pillar of the Au based BMGs, and the flat-punch tip in nanoindentation is applied as a micro-compression tester to investigate the mechanical behavior in micro scale. These results of mechanical characteristics in the Au based BMG micro-pillars are reported, covering room to elevated temperatures.
Experimental Method
The alloys with the composition of Au 49 Ag 5:5 Pd 2:3 -Cu 26:9 Si 16:3 are fabricated firstly by arc melting. The ingots of pure elements (99.99% for Au, 99.99% for Ag, 99.99% for Pd, 99.99% for Cu, and 99.99% for Si) are melted in an arc furnace under an argon atmosphere. The Au-Ag-Pd-Cu-Si master alloys are produced by re-melting the appropriate amount of the alloy in a quartz tube under an argon atmosphere, followed by injection casting into a watercooled copper mold with internal cylindrical-shaped cavity of 3 mm in diameter.
The amorphous nature of the cast rod is verified by X-ray diffraction (XRD) and differential scanning calorimetry (DSC). The T g and T x temperatures of BMG are determined to be 403 and 450 K, respectively. The 3 mm BMG rod is sliced into disks of 1.5 or 6 mm in height by a diamond cutter, and then ground with the abrasive paper from #1200 to #4000. The samples measuring 1.5 mm in height are applied for preparing the micro-pillars for micro compression and hot embossing, and the samples measuring 6 mm in height are applied for macro compression and thermo-mechanical analyzer (TMA) experiments.
The macro compression tests are conducted using the Instron 5582 universal testing machine with an initial strain rate of $1 Â 10 À4 and 1 Â 10 À3 s À1 . The height-to-diameter aspect ratio of the bulk compression specimens is kept to be 2.0. Only room temperature compression tests are preformed for the bulk specimens. Micro-pillars with a diameter of 3.8 and 1 mm, with the height-to-diameter aspect ratio of about 2-3 are machined by using dual focus ion beam system (FIB) of Seiko, SMI3050 SE, following the method reported previously. 15) These pillars are slightly tapered because the divergence of ion beam, and the convergence angle is about 2.5 or less. In order to prevent FIB damage or partial crystallization in the micro-pillars, we have intentionally used the lowest FIB current of 0.09 nA in the final trimming step, the beam energy in the later critical stage would be limited within 3 kV.nA, well below the threshold value to induce significant sample damage or partial crystallization in the metallic glasses. Furthermore, the FIB used for the later stage trimming of our samples is directed parallel to the pillar side wall. Therefore, the FIB ion dose damage is expected to be even lower than the case of when the beam is bombarded perpendicular to the specimen flat surface.
Micro-compression tests are performed with an MTS nanoindenter XP under the continuous stiffness measurement mode using a flat punch, which is also machined out of a standard Berkovich indenter by FIB. The projected area of the flat punch is an equilateral triangle of 13.5 mm. Prescribed displacement rates of 0.25-150 nm/s, which correspond to the initial strain rate of $1 Â 10 À4 -1 Â 10 À2 s À1 , are used to compress the pillars. Both room and elevated temperature micro-compressions are conducted. The heating stage is set up on nanoindenter holder to conduct the elevated temperature deformation. The heating time from ambient to elevated temperature is set to be 7-8 min, and the time for stabilizing temperature fluctuation is 5 min. The temperature fluctuation can be controlled within the variation of <1 K during pillar deformation. Micro-compressive tests at elevated temperatures vary from 343 to 408 K, crossing T g (403 K). The fracture behavior of the compressed specimens is examined by scanning electron microscopy (SEM).
Results and Discussions
3.1 Mechanical response of micro-pillars at ambient temperature Before exploring the behavior in micro-scale, the compression tests for the bulk specimens (3 mm in diameter and 6 mm in height) are conducted for more than 10 times for confirming the consistency. One example is shown in Fig. 1 . The compression stress over 1 Â 10 À4 and 1 Â 10 À3 s À1 is about 980 AE 100 MPa (Table 1) , with an average failure strain of about 2% AE 0:1%. Due to small sample size, the measured elastic modulus (range from 50-60 GPa) is not highly accurate. In previous report, 7) the elastic modulus was reported to be about 74 GPa.
For the micro-compression tests, the examples of the raw load-displacement data are shown in Figs. 2(a) and (b). Following the correction for the taper effect as reported in our previous paper, 15) the elastic modulus of this pillar is calculated to be 56 GPa. Due to the compliance of the substrate, the actual Young's moduls should be further corrected by a factor of 1.25 according to a finite element analysis of micro-compression. This will yield a modulus of 70 GPa, which is close to the value of 74 GPa measured from bulk metallic glasses. 7) By measuring more micro-pillars, the average elastic modulus is scattered within 70-75 GPa. It appears that the elastic modulus does not show a strong size effect from 1 mm up to 3 mm in specimen diameter.
Because the pillars are slightly tapered, yielding would always occur in the top of sample due to the minimum crosssectional area. The apparent yielding stress is calculated by the yield load divided by the cross-sectional area of the top side of pillar. The yielding stress of 1 mm, 3.8 mm and bulk Table 1 Summary of the compression strength for macro and micro specimens at ambient temperature and different strain rates. Table 1 . The average strength of bulk material is only $980 MPa and the plastic deformation is minimum, meaning that the current Au based BMG is brittle in macro-scale. However, the apparent yielding strength of 3.8 mm and 1 mm pillars can be up to 1600-2000 MPa, meaning the strength increment of the Au based metallic glass from millimeter to micrometer can be about 70-100%. The displacement of the compressed pillars before failure proceeds via the strain burst. The displacement recorded by the machine occurs in a very short time period, as presented by the displacement versus time plots in Figs. 3(a) and (b) . The strain bursts takes place almost instantly regardless of the applied strain rate, similar to that observed in crystalline solids.
13) Such micro-compressive can be 20-30% of the original pillar height, i.e., 200-500 nm for the 1 mm pillars (with $2:5 mm pillar height) and 1500-2500 nm for the 3.8 mm pillars (with $8 mm pillar height). But such displacements are caused by the inhomogeneous deformation via the shearing (or mutual sliding) of a few major shear bands, different from the conventional uniform compression strain.
From Figs. 2 and 3 , after the apparent yielding, the deformation of the micro-pillars proceeds with the emission of shear bands in a manner of strain burst, and the flow stress of micro pillars almost keeps at constant value during the strain burst process. The strain burst of the current Au based pillar is mostly single or double events, similar to the case of the brittle-natured Mg based BMG pillars 15) but contrary to the multiple strain busts (can be up to five events) of the ductile Zr based BMG pillars. 18) The instant strain burst in micro-pillar after yielding, shown in Fig. 2 , differs somewhat from the gradual plastic deformation in some ductile Zr or Pd based macro-scaled BMGs.
Figures 4(a)-(f) show the SEM photographs of pillars after compression at ambient temperature. The deformation mode of these micro-pillars is predominant the local principal shear bands. These shear bands are concentrated within the upper region of pillars, since the effective flow stress is higher by the slightly small cross-sectional area. The first shear band always initiates from the corner of the contact surface between the pillar and flat indenter punch, where the specimen has the minimum cross-sectional area and thus experiences the maximum stress. By these major shear bands, the pillars could experience 10-25% strain without catastrophic fracture, and these shear bands seem to simultaneously occur based on one (or at most two) strain burst.
From the macro-to micro-scale, the current Au based BMGs also show the sample size effect for the flow stress, presumably due to a natural sequence of decreasing defect population, thus, of reducing probability of BMG shear band initiation in smaller samples. [15] [16] [17] [18] The phenomenon of strength increasing with decreasing sample size can be rationalized by the Weibull statistics for brittle solids, as previously discussed in a number of papers for metallic glasses. 15, 18, 19) The Weibull equation expresses the fracture probability P f as a function of a uniaxial stress in the form of 
where 0 is a scaling parameter, m is the Weibull modulus, and V is the volume of the tested sample. The parameter u represents the stress at which there is zero failure probability, and is usually taken to be zero. The m value falls between $100 (ductile alloys) and $5 (brittle ceramics). 21) Using data listed in Table 1 18) and brittle Mg 65 Cu 25 Gd 10 BMG ($35), 15) the mechanical behavior of this Au based BMG is a brittle material in macro scale at ambient temperature. It appears that the Weibull modulus would be higher for more ductile BMGs.
Mechanical response of micro-pillars at elevated
temperatures The micro-compression behavior of the Au based BMG at elevated temperatures was examined particularly for the smaller 1 mm pillars, and the test temperature covers 343, 373, 383, 393, 403 and 408 K and the initial strain rate was chosen to be 1 Â 10 À2 s À1 . The load-displacement and timedisplacement curves are shown in Fig. 5 and Fig. 6 . The elastic modulus and apparent yielding strength at various temperatures are also calculated using the same method as those for the ambient-temperature compression. Figure 7 presents the variation of elastic modulus and yield strength as a function of test temperature. It is noted that the elastic modulus and yield strength both exhibit apparent transition at 383 K (0.95 T g ), and we termed this temperature as the softening temperature for this 1 mm Au base pillar at 1 Â 10 À2 s À1 . The elastic modulus shows slight decreasing trend from $70 GPa at room temperature to $50 GPa at 373 K and then more severe drop to $12 GPa at 408 K (above T g ). Such modulus is in fact close to our parallel measurements on the bulk specimens by thermo-mechanical analyzer (TMA) dynamic mechanical analyzer (DMA). It suggests again that there is no size effect for the modulus aspect, meaning that the modulus for the micro-sized metallic glasses is similar to that of the bulk specimens. By contrast, the yield stresses of the 1 mm pillar over the temperature range of 300 to 408 K are consistently high. The yield stress of the 1 mm pillar maintains at the high lever around 1900-2000 MPa from 300 to 373 K, decreases to $1700 MPa at 383-393 K, and drops significantly to $600 MPa at 403 and 408 K. From our parallel TMA measurement of the same Au base BMG bulk specimens (3 mm), the stress was seen to be severely softened upon reaching 436 K, from which the specimen was gradually transformed into viscous flow. The specimens would exhibit the lowest viscosity at 456 K. 22) Au base BMG bulk specimens, the stress would drop down to less than 100 MPa upon reaching T g (403 K), lower than 50 MPa at 408 K, and eventually down to about 3 MPa at 456 K within the viscous regime. 22) This means that there is a strong size effect for the softening temperature of the Au based metallic glass in the micro-scale region. The micro-pillars appear to behave much stronger than the bulk specimens.
On close examination of the recorded curves in Fig. 5 and particularly in Fig. 6 , the shear band induced strain burst behavior is similar at temperatures lower than 393 K. Even the pillars show softening at 383 and 393 K, the flow stress and strain sudden burst still occur, as seen in Figs. 5 and 6 . Over the temperature range from 300 to 393 K, the deformation basically proceeds in the inhomogeneous deformation mode with a few shear bands dominating the micro-compression process. But the curves for 403 and 408 K are completely different. There is no strain burst from both the load-displacement or displacement-time curves. The deformation is basically homogeneous. Note that the pillar did not fail even after 30% compressive strain in Fig. 6 (700 nm displacement for this 2.5 mm pillar height).
To further confirm the inhomogeneous and homogeneous deformation mode at various temperatures, the compressed pillars are examined by SEM, as shown in Fig. 8 . Shear banding is still observed even at 393 K (or 0.975 T g ) in Fig. 8(d) . For bulk metallic glass specimens, it is generally considered that BMGs would deform from inhomogeneous state to homogeneous state at 0.8-0.9 T g . 23, 24) But for the current micro-pillars, even at 0.975 T g , the Au based micropillar still deform via local shear band propagation. Only at temperatures at or above T g , the micro-pillars are deformed homogeneously without any apparent principal shear band, as shown in Figs. 8(e) and (f). The pillar deformed at 408 K, as shown in Fig. 8(f) , does show a 30% homogeneous strain without failure, consistently with the recorded load-displacement curve at 408 K in Fig. 5 and the gradual and steady displacement evolution (at 20 nm/s) in Fig. 6 .
Overall, the current Au based micro-pillars show a rigid and inhomogeneous deformation from ambient temperature (300 K) up to 383 K, followed by an apparent softening but still inhomogeneous deformation up to near T g (403 K). At or above T g , the micro-pillars behavior completely homogeneous without the trace of localized shear banding. For micro-forming, people tend to operate the viscous forming at temperatures only slightly above T g in order to prevent from crystallization during forming time period. But for finescaled micro-forming or micro-embossing, the metallic glass strength would still be quite high (much higher than the measured values for bulk millimeter-scaled specimens). For the current case, the micro-pillar still possesses a strength of 600 MPa at 408 K and 1 Â 10 À2 s À1 . To lower the forming pressure, it is necessary to further raise the forming temperature by 10-20 K (e.g., 430 K) and to lower the forming strain rate to 10 À4 s À1 . The temperature required for fully homogeneous deformation in micro-scaled Au based pillars is found to be 403 K, which is slightly higher than the experimental results and prediction of the same compositions of Au based BMG performed by high temperature nanoindentation; 25) the transition temperature was determined to be $373 K, or 0.93 T g , at 1 Â 10 À2 s À1 . The difference might be induced by the different constraint and stress states. The constrained deformation in nanoindentation might be slightly different from the unconstrained deformation during micro-compression. The shear banding developed under nanoindentation with a multiple stress state is typically in multiple variants and is much more complicated. This might result in a semihomogeneous behavior at sufficiently high sub-T g temperatures. But under uniaxial compression the principal shear band can be more freely activated and propagated. Thus, even over the high temperatures from 373 to 403 K, the micro-pillars are still inhomogeneous deformed with one major principal shear banding.
Conclusions
In conclusion, the Au based amorphous micro-pillars with 3.8 and 1 mm in diameter are fabricated by using focus ion beam (FIB) and tested in micro-compression at ambient and elevated temperatures from 300 to 408 K. The room temperature strength of current micro-pillars could reach to 1600-2000 MPa, much higher than the measured strengths for the 3 mm bulk compression specimen, around 900-1100 MPa. The stress increment can be rationalized by the Weibull statistics. The extracted Weibull modulus of the current Au metallic glasses is 40, slightly higher than the 35 for the brittle Mg based BMGs but lower than the ductile Zr based BMGs.
The current Au based micro-pillars maintain the inhomogeneous deformation with one (at most two) principal shear band from 300 up to 393 K. At or above T g (403 and 408 K), the micro-pillars are deformed in a homogeneous manner without the trace of any shear band. While the elastic modulus data on the micro-pillars from 300 to 408 K are consistently similar to those measured from the bulk specimens, the strength shows apparent increment from 300 to 408 K. Only the stress shows the size effect. For microforming, it should be born in mind that there will be an apparent stress increment for micro-or nano-scaled formed patterns and pieces. In order to reduce the forming pressure of the Au based metallic glasses, it is necessary to further raise the forming temperature to $430 K and to lower the forming strain rate to 10 À4 s À1 .
